In supramolecular chemistry [1] synthetically designed organic constituents interact noncovalently, in a directed and specific way to form host-guest complexes of higher complexity. The ability to tailor the molecular interplay with respect of chemical design, specificity, and molecular switching opens up the development of new molecular materials for artificial molecular recognition, molecular organization, and selfassembly. We have used mechanical single-molecule force spectroscopy to investigate the binding of individual resorc-[4]arene-ligand host-guest complexes. By using diluted samples of the host and guest molecules that are modified with a long linker which is attached to an atomic force microscope (AFM) tip, we were able to prevent multiple binding and to observe single host-guest unbinding events in a supramolecular system for the first time. The molecular binding forces, their dependence on external loading rates, the rate of dissociation, and the molecular cavity length directly relate to the molecular properties of the supramolecular species and are consistent with an activated decay of a metastable bound state, a finding already established for biological receptor-ligand complexes. This result allows new insights into the mechanisms, kinetics, and thermodynamics of intermolecular association in chemistry and biology, and opens new possibilities in the investigation, design, and development of synthetic receptor systems.
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Calixarenes are model receptor systems providing synthetic receptor cavities for the inclusion of small cationic guests, such as alkali-metal or ammonium ions. [2] [3] [4] [5] Organic cations, such as ammonium ions, play a significant role in molecular recognition processes in nature (e.g. in protein side chains). Calix[n]arenes, generally, are a class of macrocyclic compounds formed by the base-catalyzed condensation of nphenol derivatives and formaldehyde. [2, 3] The resorc [4] arenes [6, 7] considered herein are calixarenes formed from four resorcinol building blocks linked by methine groups. This structure leaves degrees of freedom for rotation around the methine CÀC bonds, which results in five discernible conformations: crown (C 4v ), boat (C 2v ), chair (C 2h ), diamond (C s ), and saddle (D 2d ). A means to constrain this conformational flexibility in resorc [4] arenes is to link the hydroxy groups at the upper rim of the molecule, to form ether bridges. In this way, the molecule is fixed in the crown conformation, a socalled cavitand, [8] and the rigid cavity of this host serves as a template for the inclusion of small guest ions. The binding of cations to the resorc [4] arene cavitand is facilitated by iondipole interactions, although hydrogen bonds and cationp interactions between the positive charge of the ion and the cavitand with the aromatic rings also have considerable influence. [9] The specificity of the binding is governed by the steric complementarity of the host and guest: only cations small enough to fit into the tailored cavity are recognized by the resorc [4] arene cavitand receptor. In our experiments the 2,8,14,20-tetra-(10-(decylthio)decyl) cavitand, which has a calculated cavity width of 0.7 nm, serves as a host and its specific recognition of ammonium ions and ammonium-ion derivatives is tested (Figure 1 ). [9] To investigate these interactions we applied single-molecule force spectroscopy, a method which uses the deflection of an AFM cantilever to measure minute forces in the picoNewton (pN) range under physiological conditions. In combination with its sub-nanometer spatial resolution, single-molecule force spectroscopy provides, in contrast to standard ensemble experiments, a potent tool to address and manipulate single molecules and investigate forces within and between individual molecules, to yield information about the molecular energy landscape. During the last fifteen years, AFM spectroscopy and related single-molecule techniques based on ultra-sensitive force probes have found applications in the study of molecular recognition and of the specific bond formation in a variety of systems, such as biotin-streptavidin/ avidin, [10, 11] antibody-antigen, [12] [13] [14] [15] selectin-ligand, [16] DNAprotein, [17] between individual strands of DNA, [18, 19] and celladhesion proteoglycans. [20] Similarly, host-guest interactions in supramolecular systems have been investigated on b-cyclodextrin-ferrocene [21] [22] [23] and [18] crown-6-ammonium systems. [24, 25] In both cases single-molecule host-guest interaction could only be identified by a statistical analysis of the measured force distribution histograms, however, with no evidence of a loading-ratedependent force spectrum, which could account for a thermally driven unbinding and give access to the energy landscape of this interaction. In contrast to these experiments, we used diluted cavitand monolayers on a gold surface in a 1:40 mixture with didecylsulfide. The guest ions (ammonium, trimethyl ammonium, and triethyl ammonium, each carrying one additional functional group) were covalently attached to the AFM tip with a flexible poly(ethylene glycol) (PEG) linker ( Figure 2 ). This method introduces more steric flexibility which facilitates complex formation and supports binding of a single host-guest pair and its proper identification. The functionalized AFM tip was repetitively approached to and retracted from the cavitand surface (in ethanol) at an adjustable but constant velocity. Molecular unbinding events could be identified by plotting the force response of the AFM cantilever against the zposition of the piezo actuator (of the cavitand surface; Figure 2 ). The elastic stretching of the PEG spacer before the point of detachment, which shows an elasticity curve in accordance with the wormlike-chain polymer-elasticity model, served as the criterion to discriminate real singlebinding events from unspecific adhesion. Since the molecular unbinding process is of stochastic nature, rupture forces from many rupture events (typically 200) were compiled in a force histogram. The mean value resulting from a single-nodal Gaussian fit to the histogram distribution is the most probable unbinding force. The experimental error is based on the statistical error (standard variation) and the uncertainty in the effective spring constant of the cantilever; the errors given Angewandte Chemie below for the thermal dissociation (off rate) at zero force and the width of the binding pocket are derived from these values by error propagation. Figure 3 shows three force histograms for the binding of the cavitand to ammonium, trimethyl ammonium, and triethyl ammonium residues and the corresponding competition experiments. The total unbinding probability (that is, the total number of identified rupture events divided by the number of approach-retract cycles) for the ammonium and trimethyl ammonium residues both amount to approximately 25 %. As a control experiment for validating the specificity of the host-guest interaction, free ammonium or tetramethyl ammonium ions were added to the solvent as competing ligands. In both cases the total (integrated) unbinding probability was significantly reduced. The effect was stronger for solvent saturated with the tetramethyl ammonium ion (Figure 3 b,e). After washing tip and sample again with the original solvent (ethanol without competitor), the systems could be reactivated to their full former unbinding functionality (Figure 3 c,f) . This effect of the free ions competing with the modified ions linked to the AFM tip demonstrates the specificity of the molecular recognition between the host and guest.
For the triethyl ammonium residue, the results are different. From Figure 3 , it can be seen that the integrated unbinding probability is much lower for this system than for the ammonium or tetramethyl ammonium ions, whereas the rupture force was comparable. Moreover, changing the solvent to ethanol saturated with competitor ion did not lead to a significant reduction of the total unbinding probability (Figure 3 h) , and also washing with pure ethanol again did not lead to a change (Figure 3 i) . These findings correlate with the fact that the triethyl ammonium residue, which has a calculated diameter of 0.8 nm, clearly exceeds the receptor cavity diameter of the resorc [4] arene cavitand: Our single-molecule experiments strongly indicate the specific and selective nature of this hostguest interaction. According to the thermally driven unbinding theory of an activated decay of a metastable bound state [26, 27] the measured forces are not constant and depend on the temporal force evolution on the molecular complex, which is referred to as the loading rate, and can be calculated from the experimental velocity multiplied by the molecular elasticity. The elasticity of the molecular system was obtained from the slope of the force-distance curves (corrected for molecular extension) for the last 20 data points prior to detachment of the cantilever. The loading rate then was given by the system elasticity multiplied by the retract velocity.
With dynamic force spectroscopy (forceloading-rate plots) details about the kinetics of the binding and information concerning the length scale of the interaction can be extracted. The results for the natural thermal off-rates are presented in Figure 4 , yielding k off = (0.99 AE 0.81) s À1 for the ammonium and k off = (1.87 AE 0.75) 10 À2 s À1 for the trimethyl ammonium residue, resulting in a bond lifetime of t = 1.01 s (for the ammonium residue) and t = 53.5 s (trimethyl ammonium residue). This finding, together with the results of the competition experiments, indicate that the trimethyl ammonium residue fits more tightly into the receptor cavity, that is, its complexation is accompanied by a greater rise in binding affinity than for ammonium. In receptor-ligand interactions, the interaction affinity (equilibrium constant of dissociation K diss = k off /k on ) is mostly dominated (and varied) by the reaction off-rate k off , whereas the values for the reaction on-rate k on do not exhibit such a drastic variation. [13] Assuming a diffusion-limited association with a typical on-rate for a ligand binding to a receptor pocket of k on = 10 5 m À1 s À1 , [13, 28] we can deduce equilibrium constants of K diss = 0.99 s À1 /10 5 m À1 s À1 % 10 À5 m for ammonium ions and K diss = 2 10 À2 s À1 /10 5 m À1 s À1 = 2 10 À7 m for trimethyl ammonium ions. From the equilibrium constants for these host-guest systems the Gibbs free energy difference DG = RT lnK diss can be derived, which gives a rough estimate of the related binding energies of DG % À28 kJ mol À1 (ammonium) and DG % À38 kJ mol À1 (trimethyl ammonium). These values for DG correspond well with calorimetric or NMR spectroscopic data obtained for related supramolecular systems, such as cyclodextrins [23, 29] and watersoluble cavitands. [30] This aspect is important for two reasons: 1) it shows that AFM force spectroscopy can be used to investigate single-molecule affinity interactions in a broad affinity range of ten orders of magnitude (10 À15 m (biotinstreptavidin) to 10 À5 m (this work)), and 2) that this technique allows the estimation of equilibration constants and related binding energies of single (supra)molecular complexes. This factor is of broad interest, since a determination of reaction equilibrium constants and associated binding energies of ionic binding partners with a wide variation in solubility, for example, by NMR spectroscopic titration experiments, is extremely difficult to accomplish, and no corresponding values for our system are known to us.
From the inverse slope of the loading-rate dependency the molecular reaction lengths (width of binding pocket) can be extracted yielding x b = (0.22 AE 0.04) nm for ammonium, and x b = (0.38 AE 0.06) nm for the trimethyl ammonium ions. These values are qualitatively comparable with calculated van der Waals diameters of 0.3 nm for ammonium and 0.6 nm for trimethyl ammonium. [9] Therefore we can conclude that the steric complementarity of the host and guest plays an important role in the interaction, with cation-p interactions contributing considerably to the molecular binding mechanism. This finding is also consistent for the interaction of the trimethyl ammonium residue with the cavitand because a the positive-charge distribution has been shown to reside on the hydrogen atoms of the methyl groups. [31, 31] In summary, we could show that the specific interaction and dissociation of single guest molecules and their host receptors in supramolecular systems are consistent with an activated decay of a metastable bound state and obey the laws of thermally driven unbinding, as predicted theoretically and verified in biological ligand-receptor systems. The measured reaction lengths were compatible with the calculated van der Waals diameters of the corresponding guest ligands, and give a rough estimate of how deep a ligand enters the receptor site of a calixarene cavitand. The measured single-molecule kinetic reaction rates are consistent with the expected nature of a moderate-affinity host-guest interaction, whereas a clear affinity ranking between the probed host ligands by single-molecule force spectroscopy was possible for the first time.
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